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Abstract: Voluntary carbon markets (VCMs) have been increasingly recognized as a flexible mech-
anism for mitigating climate change by allowing entities to offset their emissions beyond regula-
tory requirements. However, the effectiveness and environmental sustainability of these markets
are contingent on their alignment with the planetary boundaries framework, which seeks to de-
fine a safe operating space for humanity by identifying and respecting critical Earth system limits.
This paper proposes a qualitative assessment methodology for VCMs within the framework of
planetary boundaries, drawing on existing methodologies and adapting them for this specific mar-
ket. The study explores how VCMs can be structured to operate within the safe operating space
defined by planetary boundaries, assessing their potential to align with broader environmental
sustainability goals beyond just carbon emissions reduction. The paper emphasizes the need for
a holistic approach to carbon markets, ensuring that they contribute positively to global environ-
mental sustainability by preserving critical Earth system processes while achieving their primary
objective of carbon mitigation.

Keywords: Voluntary Carbon Market, planetary boundaries, climate change, non-additionality,
transgression.

1. Introduction

Since the first seven planetary boundaries were assessed in 2009 by Rockstrom [1], they
have provided a critical framework for understanding the limits within which humanity can safely
operate without causing catastrophic environmental changes. Planetary boundaries define the
safe thresholds for key Earth system processes, transgressing these boundaries increases the risk
of destabilizing the Earth system, leading to irreversible environmental damage. They have been
revised many times, progressively updating how humanity is trespassing on them, from three out
of seven in 2015 (climate change, biosphere integrity and nitrogen biogeochemical flow [1]), to
six out of nine in 2023 [2] (CO2 concentration, radiative forcing, novel entities [3], phosphorus [4]
and nitrogen biogeochemical flows, green water[5], freshwater use, land system change, and
functional and genetic biosphere integrity) as methods of analysis have developed.

Various mitigation mechanisms, such as carbon markets, energy efficiency improvements,
and incentives for energy savings, have been developed to address the growing environmental
challenges. While these mechanisms, including voluntary carbon markets (VCMs), play a crucial
role in reducing greenhouse gas emissions, they often focus narrowly on specific goals, like carbon
reduction, without considering the broader environmental impacts. The proposed methodology
in this paper seeks to integrate the planetary boundaries framework into the evaluation of VCMs.
By aligning VCM projects with these boundaries, the methodology ensures that carbon offset ef-
forts do not inadvertently contribute to the degradation of other critical Earth system processes.

Carbon Voluntary Markets respond specifically to the Climate Change CO: concentration
boundary, having an indirect effect (positive and negative) on the rest of the planetary bounda-
ries, a carbon credit corresponds to the emission of a metric ton of CO2 or the GHG equivalent
[6]. The existence of these markets responds to the observed necessity of reducing CO2 emissions
and the difficulty of standardizing and measuring more complete metrics, VCMs have gained in-
creasing attention as a flexible mechanism for mitigating climate change by allowing entities to
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offset their emissions beyond regulatory requirements. However, the effectiveness and environ- 51
mental sustainability of these markets are contingent on their alignment with the planetary 52
boundaries framework, which seeks to define a safe operating space for humanity by identifying 53
and respecting critical Earth system limits. In this paper, a more holistic metric is going to be pro- 54
posed, that reflects not only the effect on one planetary boundary but on all of them. This “Planet 55
Voluntary Market” will incentivize not only the reduction of a number such as CO2 emissions but 56
also the analysis and improvement of earth systems. 57

The primary objective of this paper is to propose a qualitative assessment for voluntary car- 59
bon markets (VCMs) within the framework of planetary boundaries, drawing on the methodology 60
proposed by Engstrom et al. (2020) [7] and adapting it for this specific market. The focus is on 61
exploring how VCMs can be structured to operate within the safe operating space defined by 62
planetary boundaries, which encompass critical environmental limits necessary for sustaining hu- 63
man activities on Earth. This paper will examine the principles of VCMs, assessing their potential 64
to align with broader environmental sustainability goals beyond just carbon emissions reduction. 65
The study will discuss whether current VCM frameworks adequately address the interconnected- 66
ness of Earth system processes and whether modifications are needed to prevent the transgres- 67
sion of other planetary boundaries, such as those related to land use and biogeochemical flows. 68

Additionally, the paper will explore the theoretical and practical challenges of integrating 70
planetary boundaries into VCMs, proposing a step-by-step guide to adapt the current marketto 71
one that considers every boundary. The aim is to develop qualitative guidelines that ensure VCMs 72
contribute positively to global environmental sustainability by preserving critical Earth system 73
processes while achieving their primary objective of carbon mitigation. Through this analysis, the 74
paper seeks to provide a comprehensive understanding of how VCMs can be designed and gov- 75
erned to support long-term environmental integrity within the planetary boundaries framework. 76

2. State of the Art 78

This paper will be strongly based on the analysis of the effects of the carbon tax price made 79
by Engstrom et al. [7]. Where they explore the intersection of carbon pricing mechanisms with 80
the planetary boundaries framework, emphasizing the potential for carbon pricing to mitigate 81
multiple environmental pressures simultaneously. The study underscores the importance of con- 82
sidering planetary boundaries in the design and implementation of carbon markets, as policies 83
that solely focus on reducing carbon emissions might inadvertently exacerbate other planetary 84
pressures, such as land-use change or biogeochemical flows. Traditional carbon markets are gov- 85
ernment-regulated and operate under a cap-and-trade system, where companies are required by 86
law to limit their emissions. Entities can buy or sell carbon credits to stay within their emission 87
limits, with penalties for non-compliance. In contrast, VCMs allow companies and individuals to 88
offset their carbon emissions on a voluntary basis, beyond what is legally required. VCMs offer 89
flexibility and are driven by corporate social responsibility, enabling participants to invest in pro- 90
jects that reduce or remove emissions, such as reforestation or renewable energy initiatives. This 91
distinction underscores the different motivations and regulatory frameworks behind traditional 92
carbon markets and VCMs, with the latter offering a more flexible and voluntary approach to con- 93
tributing to climate action. This study is directly relevant to the current paper as it provides a 94
foundational framework for integrating planetary boundaries into carbon pricing strategies, a crit- 95
ical component of VCMs. The methodology proposed by Engstrom et al. [7] offers a blueprint for 96
ensuring that carbon markets do not only address climate change but also remain within the safe 97
operating space defined by other environmental thresholds. 98
99
Other studies already show how it is possible to create a variable carbon tax, Jackson Hickel 100
[8] presents a novel method for quantifying national contributions to climate change by evaluat- 101
ing cumulative CO2 emissions that exceed the planetary boundary of 350 ppm atmospheric CO2 102
concentration. The study’s approach is grounded in the principle of equal per capita access to 103
atmospheric commons and highlights the disproportionate responsibility of high-income nations 104
for global emissions. This paper is pertinent to the analysis of VCMs from a planetary boundaries 105
perspective, as it provides a mechanism for attributing responsibility for emissions that exceed 106
global safe limits. Tol [9] examines the economic impacts of climate change, offering insights into 107
the costs and benefits of various mitigation strategies, including carbon pricing. While Tol’'s work 108
is primarily focused on the economic dimensions of climate change, it provides valuable context 109
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for understanding the broader economic implications of VCMs. His analysis highlights the im- 110
portance of considering economic efficiency alongside environmental sustainability when design- 111
ing carbon markets. By integrating Tol’'s economic perspective with the planetary boundaries 112
framework, VCMs can be developed in ways that are both economically viable and environmen- 113
tally sound. 114
115

Heck et al. [10] examine the potential unintended consequences of climate engineering tech- 116
niques, particularly terrestrial carbon dioxide removal (tCDR), on planetary boundaries. Their 117
study highlights the risk that interventions aimed at reducing atmospheric carbon may lead tothe 118
transgression of other boundaries, such as land system change. This is particularly relevant for 119
VCMs, which often promote afforestation and other tCDR methods as carbon offset strategies. 120
The findings suggest that VCMs must carefully consider the broader environmental impacts of 121
their projects, ensuring that they do not contribute to the degradation of other critical Earth sys- 122
tems. This study underscores the importance of adopting a holistic approach to carbon markets, 123
one that integrates multiple planetary boundaries into the evaluation and selection of carbon 124
offset projects. Anderies et al. [11] explore the complex, non-linear dynamics of the global carbon 125
cycle and its relationship with planetary boundaries. Their study emphasizes the existence of tip- 126
ping points, beyond which minor changes in carbon dynamics could lead to significant and poten- 127
tially irreversible shifts in the Earth system. It highlights the importance of maintaining carbon 128
concentrations within safe limits to avoid crossing these tipping points. The study’s findings sup- 129
port the need for VCMs to incorporate dynamic monitoring and adaptive management strategies 130
that can respond to changing environmental conditions, thereby ensuring that carbon markets 131
contribute to maintaining the Earth system within its safe operating space. Rockstrom et al. [1] 132
introduced the planetary boundaries framework, which has become a cornerstone of environ- 133
mental science and policy. The framework identifies nine critical Earth system processes [2] that 134
must be maintained within specific limits to avoid catastrophic environmental change. Rockstrom 135
et al.’s [1] study offers the theoretical basis for assessing whether carbon markets are contributing 136
to or detracting from global environmental sustainability. The planetary boundaries framework 137
serves as the guiding principle for evaluating the environmental integrity of VCMs and ensuring 138
that they operate within the Earth’s safe operating space. 139
140

Huang et al. [12] propose a methodology for downscaling planetary boundaries to the na- 141
tional level, using Taiwan as a case study. This approach allows for the assessment of environmen- 142
tal sustainability at a more localized scale, which is critical for the effective implementation of 143
VCMs. By applying the planetary boundaries framework to specific regions or countries, VCMs can 144
be designed to address local environmental challenges while contributing to global environmental 145
sustainability goals. It provides a practical example of how the planetary boundaries framework 146
can be adapted to different scales, offering insights into how VCMs could be tailored to meet the 147
unique environmental needs of different regions. 148
149

This review consolidates the foundational frameworks and methodologies essential for un- 150
derstanding the role of voluntary carbon markets (VCMs) within the planetary boundaries con- 151
text. The analysis by Engstrom et al. [7] serves as the cornerstone, demonstrating how carbon 152
pricing can be integrated with planetary boundaries to mitigate multiple environmental pressures 153
simultaneously. Complementary studies by Hickel [8], Tol [9], Heck et al. [10], and Anderies et al. 154
[11] provide critical insights into the economic, ecological, and dynamic complexities of imple- 155
menting VCMs in a way that is both environmentally and economically sustainable. These works 156
collectively underscore the necessity of adopting a holistic, adaptive approach to carbon markets, 157
ensuring that they contribute to global environmental sustainability without exacerbating other 158
critical environmental challenges. The adaptability of the planetary boundaries framework devel- 159
oped by Rockstrom et al. [1], as demonstrated by Huang et al. [12], further emphasizes its applica- 160
bility at various scales, making it a vital tool for tailoring VCMs to both global and regional envi- 161

ronmental needs. 162
3. Methodology 163
164

To develop a comprehensive methodology for assessing how VCMs should be compensated 165
within the planetary boundaries’ framework, it is crucial to categorize the main types of VCM 166
methods, describe each one in detail, and identify the specific planetary boundaries they most 167
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directly impact. The types of projects are going to be divided as shown in Figure 1, taking one 168
project in each category as an example. 169

VOLUNTARY CARBON MARKET

Reduction/Avoidance Credits Removal Credits
Carbon Credits that represent reduced or avoided emissions Carbon Credits that represent captured/removed emissions

Technology Based Nature Based Technology Based Nature Based
Renewable Energy * Avoided Deforestation «  Direct Air Capture « Reforestation
Methane Collection * Wetland Management +  Mineralisation * Afforestation
Industrial Pollutant *  No-till Farming + Carbon Capture and +  Soil Sequestration
Household Devices * Methane from Lifestock Storage *+ Wetland Restoration
170
Figure 1 Types of Projects in the Voluntary Carbon Market [13] 171

Each type of project must be assessed as shown below, along with its relevance to specific 172

planetary boundaries. 173
174
3.1. Renewable Energy Projects 175
176

Renewable energy projects involve the generation of energy from sources that are naturally 177
replenished, such as wind, solar, hydroelectric, and biomass. These projects are a cornerstone of 178
efforts to reduce greenhouse gas emissions by displacing fossil fuel-based energy generation. Re- 179
newable energy technologies vary widely in their environmental impacts, depending on the type 180

of energy produced and the scale of the infrastructure [14]. The main boundaries affected are: 181
182

. Climate Change: Renewable energy projects, such as wind, solar, and hydropower, reduce 183
reliance on fossil fuels and thus decrease greenhouse gas emissions. 184

. Biosphere Integrity: The development of renewable energy infrastructure can disrupt local 185
ecosystems, especially if not effectively managed. For example, wind farms may impact bird 186
and bat populations, while solar farms can affect ground-dwelling species. 187
. Land-System Change: Large-scale renewable energy projects often require significant land 188
use, potentially leading to land conversion and landscape changes that affect local ecosys- 189
tems and land-use patterns. 190
. Freshwater Use: Certain renewable energy projects, particularly hydropower, can signifi- 191
cantly impact freshwater systems by altering water flow, affecting aquatic ecosystems, and 192

potentially leading to conflicts over water resources. 193

194

3.2. Improved Forest Management (IFM) 195
196

Improved Forest Management (IFM) refers to a set of practices aimed at enhancing the car- 197

bon sequestration capacity of existing forests through better management techniques. These 198
practices include extending rotation ages, reducing the impact of logging, avoiding deforestation, 199
and promoting natural regeneration. IFM is focused on maintaining and increasing the carbon 200
stock in forests while simultaneously ensuring the environmental sustainability of forest ecosys- 201
tems [15]. The main boundaries affected are: 202
203

° Climate Change: IFM practices aim to increase carbon sequestration in existing forests 204
through methods such as extended rotation ages, reduced impact logging, and avoiding de- 205
forestation. 206

. Biosphere Integrity: IFM can positively impact biodiversity by preserving existing forests and 207
enhancing habitat quality. However, intensive management practices may also disrupt nat- 208

ural forest dynamics. 209

. Land-System Change: By maintaining or enhancing forest cover, IFM influences land-use pat- 210
terns and can reduce pressures on land conversion for agriculture or urban development. 211
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. Biogeochemical Flows: IFM affects nutrient cycles by altering forest management practices, 212

which can influence soil composition and water quality. 213

214

3.3. Direct Air Capture (DAC) 215
216

Direct Air Capture (DAC) is a technology that captures CO2 directly from the ambient air 217
using chemical processes. The captured CO2 can then be stored underground in geological for- 218
mations or used in various industrial applications, such as carbonating beverages or synthetic 219
fuels. DAC is seen as a complementary technology to natural carbon sequestration methods, of- 220
fering the potential to reduce atmospheric CO2 levels, especially when emissions reductions alone 221
are insufficient to meet climate targets [16]. The main boundaries affected are: 222

223
. Climate Change: DAC technology captures CO2 directly from the atmosphere and stores it 224

underground or uses it in industrial processes, providing a direct method to reduce atmos- 225

pheric CO2 levels. 226
° Energy Use and Indirect Impacts: While DAC primarily impacts the climate change boundary, 227

the energy required to operate DAC systems can indirectly affect other boundaries. For in- 228

stance, if the energy comes from fossil fuels, it could negate some of the climate benefits 229

and impact other planetary boundaries, such as biosphere integrity (through air pollution) 230

and land-system change (through energy infrastructure development). 231
. Freshwater Use: Some DAC systems require significant amounts of water, particularly if the 232

captured CO2 is used in processes like enhanced oil recovery or mineral carbonation, im- 233

pacting freshwater availability. 234

235

236

3.4. Afforestation/Reforestation (A/R) 237
238

Afforestation refers to planting trees on land that has not been forested for a long time, 239
while reforestation involves replanting trees on land that was recently deforested or degraded. 240
These methods are widely recognized for their ability to sequester carbon dioxide from the at- 241
mosphere through the natural process of photosynthesis, where trees absorb CO; and store itas 242
biomass in the soil. Afforestation and reforestation are considered effective strategies for miti- 243
gating climate change by enhancing carbon sinks and restoring degraded ecosystems [17], [18]. 244

The main boundaries affected are: 245
246

. Climate Change: A/R projects sequester carbon, directly reducing atmospheric CO: levels, 247
which is critical for staying within the climate change boundary. 248

° Land-System Change: These projects involve significant changes in land use, converting land 249
to forested areas, which can impact local ecosystems, agriculture, and natural habitats. 250

. Biosphere Integrity: The biodiversity impacts of A/R projects can vary widely. While they can 251
enhance biodiversity by restoring natural habitats, they may also reduce it if monocultures 252

or non-native species are planted. 253
. Biogeochemical Flows: A/R projects can alter nutrient cycles, particularly nitrogen and phos- 254
phorus flows, by changing the vegetation cover and soil composition. 255

° Freshwater Use: The establishment and maintenance of forests require water, and A/R pro- 256
jects can influence local and regional water cycles, affecting freshwater availability and qual- 257

ity. 258

259

3.5. Characteristics of the methodology 260
261

This methodology outlines a structured approach to assess the impact of voluntary carbon 262
market (VCM) projects on each planetary boundary, employing a non-additionality framework. 263
The non-additionality approach (based on Kate Raworth Doughnut Economics [19]) focuses on 264
evaluating the environmental impacts of VCM projects without compensating the impact to one 265
boundary with another, in other words, a VCM project should never worsen any of the planetary 266
boundaries. Additionally, the actual state of the boundaries must be considered, prioritizing those 267
that are being transgressed over those that are within the limits. These two characteristics, non- 268
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Transgression

additionality and transgression analysis are the main new components of this VCM analysis, im-
plementing them in the existing market will give a better understanding of the existing earth sys-
tems to companies and citizens and will focus on climate change in a more holistic view.

The non-additionality approach evaluates VCM projects based on their overall environmen-
tal impact, studying the impact on every boundary individually without compensating one for an-
other. This approach helps to pre-empt new transgressions of different planetary boundaries, ra-
ther than compensate for damage that has already occurred. While it may seem that a reduction
in carbon dioxide emissions is the main solution to climate change, in the future there may be
another earth system that threatens human life, re-creating another compensating market fo-
cused on another planetary boundary. It is therefore more appropriate to approach this market
with a holistic view as soon as possible, avoiding improving one planetary boundary at the ex-
pense of worsening another. Figure 2 shows how this method will influence different boundaries.

Need to create a Non-compensatory
new market market
Market-focused boundary

Negatively affected boundary

Positvely affected
boundaries

Transgression

Time Time

Figure 2 Left: Single boundary market effect on multiple planetary boundaries. Right: Holistic market effect
on multiple planetary boundaries.

Analysing the current transgression of each limit allows for variable remuneration in terms
of the improvement caused by each limit. A percentage method as used by the study of Engstrom
[7]is proposed. Engstrom et al. analyse the percentual improvement in each boundary caused by
an incremental increase in carbon tax (Figure 3), adapted to the VCM, each project should have
an image as Figure 3 indicating how it will contribute to each boundary. This approach will allow
a faster and more efficient recuperation of the set of all boundaries as shown in Figure 4.

Climate change
-0.25%/-0.11 GtCO, yr'

Biodiversity
~0.01% less threats to = .
endangered species = Ch|e|m_|cal
v pollution
|
Land-system
change
+0.01% / +40.5 Mha Stratospheric
loss of natural ~g- ozone depletion
forests = (undecided)
e .
- " Atmospheric aerosol
Freshwater use I~ loading
+0.009% / +0.24 km® yr™' -0.014% / -0.006 mAOD
4
4 ‘Q
Fhosphorus ‘ . ¢¢Ocean acidification
= 1aiti d
-0.01%/-0.9Gg P yr' Nitrogen ~025% /0.1 GICO, yr-*

-0.13%/-02TgPyr"
Biogeochemical flows

Figure 3 Changes in planetary pressures resulting from a one percentage point increase in the carbon tax
[7].
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Transgression

Non-compensatory
market

Holistic-focused market with
percentual remuneration

Transgression

Time Time

Figure 4 Left: Holistic market effect on multiple planetary boundaries. Right: Holistic market with percen-
tual remuneration effect on multiple planetary boundaries.

This simple analysis shows how the actual VCM may be unsuitable for the complete list of
planetary boundaries. In the study made by Engstréom et al. [7] they concluded that without
proper bio-fuel restrictions, some boundaries might be negatively affected by an increase in car-
bon tax price. In this study, a quantitative analysis is not going to be done, but a guide to a better
understanding of how projects affect the whole planet system is developed.

3.6. Steps for Boundary Impact Assessment

The process of analysis of each project, creating a variable for each boundary and combining
them to create a score could turn out to be too complex. The current market is not considered
ready for this assessment; therefore, a simpler guide is needed so companies and individuals can
adapt the actual score based only on carbon dioxide reduction to what in this paper is going to be
called the planetary index. This method must end with a number that correctly represents the
impact of a certain project on the planetary boundaries, using non-additionality and transgression
analysis. The following steps outline the general methodology to assess the impact of VCM pro-
jects on planetary boundaries:

1. Boundary Transgression Analysis

The analysis of the current state of each boundary is necessary to determine which one is
more necessary to work on. It is not done by companies, it is done by scientists based on existing
scientific literature, such as Steffen et al. (2015) [4]and Rockstrom et al. (2009) [1]. This step in-
volves understanding how far each boundary has been transgressed and what the safe operating
space is. It should be done periodically to show how changes in human behaviour and the imple-
mentation of these guidelines affect the state of the planet. This step also shows what boundaries
should the projects focus on—the last study was made by Richardson et al. [2] in 2023 as shown
in Figure 5.
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Figure 5 Current status of control variables for all nine planetary boundaries [2]. 327
328
2.  Project Impact Mapping 329
330

Once the boundaries are displayed, each individual must map out the potential impacts of 331
VCM projects on each boundary. This includes direct impacts (e.g., carbon sequestration affecting 332
the climate change boundary) and indirect impacts (e.g., land use changes affecting biosphere 333

integrity and land-system change). 334
335
3. Impact Quantification 336
337

Quantify the impact of each project on the relevant planetary boundaries. This step involves 338
using established indicators and models to measure how the project influences key variables 339
within each boundary. For example, changes in land use might be quantified using satellite data, 340

while impacts on nitrogen cycles could be measured through nutrient budgeting. 341
342
4. Integration of Boundary Transgression Levels 343
344

Integrate the degree of boundary transgression into the impact assessment. Projects should 345
be evaluated more critically in areas where the planetary boundary is already heavily trans- 346
gressed. For instance, a project in a region where biodiversity loss is significant should be scruti- 347

nized for its potential to either alleviate or worsen that boundary's state. 348
349
5.  Cumulative Impact Consideration 350
351

Consider the cumulative impacts of multiple VCM projects within a region or on a global 352
scale. Even if a single project has a minimal impact, its cumulative effect, when combined with 353
other projects, could push a boundary further toward or beyond its threshold. This is important 354
in projects that could worsen a specific boundary, but combined with another makes a synergy 355

that improves the complete list of boundaries. 356
357
6. Holistic Environmental Review 358
359

Conduct a holistic review that considers how the impacts on one boundary might affect oth- 360

ers. For instance, afforestation projects might improve carbon sequestration but could negatively 361
impact water availability or biodiversity. The goal is to ensure that mitigating one boundary’s 362
transgression does not inadvertently worsen another. This may be completed in step 3 and should 363
now give a number that represents the holistic impact on the planet system, the planetary index 364
associated with that specific project (or collection of projects). The following formula is proposed 365
to derive the planetary index with the characteristics that have been developed: 366
367
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PI (pi) = abs(Z(ten . btn)) - sign(min(t, - by)) (1)
CVpp — CVap
0, - @@
(0 =y, P @)
cV,, — PB
b:(%) = min (bz;'T, 0) (3)
b (%) = mi PB—Cpro 4
t,(%) = min —Cpr , (4)
368
369

Where Pl is the planetary index which has been assigned a unit named pi (planetary index), 370

te isthe percentual transgression effect that the project has, and b: is the percentual transgression 371
of the boundary, CVppis the control variable value before the project is executed, CVgpis the con- 372
trol variable value after the project is executed, and PB is the planetary boundary. Each planetary 373
boundary will have one te associated to the project, and a b:representing how transgressed itis 374
in the time of execution of the project. Each project will have one Pl associated. b:> means the 375
same as bs2 but it is used whenever a planetary boundary has a lower limit, while b:is used when 376
it has an upper limit. 377
378

Therefore, b:represent how transgressed is the planetary boundary, in the case of climate 379

change (atmospheric CO2 concentration), b is b, = min (417—3 ,0) = 19.14% . If the bound- 380
ary it is not transgressed, the value should be cero. If the project helps reduce the value to 416 381
ppm, it’s te would be ¢, = :1;::50 = 1.49%. If no other boundary is affected, the project’s P/ 382
would be PI = 1.49% -19.14% -1 = 2.85 - 10~ 3pi = 2.39 mpi. 383

384

It is shown that higher effects and more transgressed boundaries have more importance, 385
while lower effects in boundaries that are less transgressed have lower importance. Any effecton 386
planetary boundaries that are not transgressed will have no effect on the PI. As the absolute value 387
of the outcome, it is multiplied by the sign of the lower effect, if only one boundary is worsened 388
by the project, the whole planetary index will be negative. Therefore, the two main characteristics 389
of this index are achieved, it gives more importance to projects that affect positively more trans- 390
gressed boundaries, and it does not let to affect negatively any boundary conserving a positive PI. 391
392

7. Outcome Categorization: 393
394

Categorize the outcomes based on whether the project helps to bring the boundaries back 395
within its safe operating space, maintains the current state without further transgression, or con- 39
tributes to additional transgression. This categorization guides the decision-making process for 397

project approval and compensation. 398
399
3.7. Application example 400
401

This framework should be applied across all types of VCM projects identified earlier, each 402
project's specificimpact on the planetary boundaries will be assessed using the general steps out- 403
lined, with particular attention to the unique challenges and opportunities associated with each 404
project. By following this methodology, VCM projects can be thoroughly assessed for their envi- 405
ronmental impacts across all planetary boundaries, ensuring that their implementation contrib- 406
utes positively to global environmental sustainability goals without exacerbating existing environ- 407
mental crises. To illustrate the application of the methodology described above, let's consider an 408
afforestation/reforestation (A/R) project. This example will demonstrate how the non-additional- 409
ity approach and the assessment of impacts on planetary boundaries would be implemented in 410
practice. The boundaries affected by this project are the ones described in the previous chapter. 411
It is important to note that each project will affect different boundaries and that this is just an 412
example. 413
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Step 1: Boundary Transgression Analysis

This analysis will be made with the values derived from Richardson et al. (2023) [2] with the
boundaries that are affected by the project using Equations 3 and 4.

. Climate Change: The climate change boundary is currently transgressed, in its two subdivi-
sions: 417 ppm CO; with a boundary of 350 ppm and 2.91 W/m? with a boundary of 1.0
W/m?2. This means they are being transgressed by 19.14% and 191% respectively, so a posi-
tive effect on total anthropogenic radiative forcing at the top-of-atmosphere will have a
greater impact in the Pl of the project.

. Land-System Change: The land-system change boundary is also transgressed, with a global
area of forested land of 60%, with a boundary of 75%. This means a transgression of 25%
(bt2).

° Biosphere Integrity: Biodiversity loss is severe, with species extinction rates far exceeding
the natural background rate. This boundary is heavily transgressed, particularly in areas
where deforestation and habitat loss are prevalent. With values of >100 E/MSY with a
boundary of <10 E/MSY, and 30% HANPP with a boundary of <10%. It implies a transgression
of 900% for genetic diversity and 200% for functional integrity.

° Biogeochemical Flows: Both nitrogen and phosphorus cycles are significantly disrupted, with
excess nutrient runoff contributing to water pollution and ecosystem degradation. With val-
ues of 105% transgression for phosphorus and 206% for nitrogen.

° Freshwater Use: In some regions, freshwater use is near or beyond sustainable limits, with
significant implications for ecosystem health and water availability. With values of 78% for
blue water and 42% for green water.

Step 2: Project Impact Mapping

. Climate Change: The project is expected to sequester carbon by trees, which will absorb CO2
from the atmosphere and store it in biomass and soil.

. Land-System Change: The project will convert previously non-forested or degraded land into
forest, altering the land-use pattern and potentially impacting local ecosystems.

. Biosphere Integrity: Depending on the species planted, the project could either enhance bi-
odiversity (by planting native species and restoring natural habitats) or reduce it (by intro-
ducing monocultures or non-native species).

. Biogeochemical Flows: Changes in vegetation cover will influence nutrient cycling, particu-
larly nitrogen and phosphorus, potentially leading to altered soil fertility and nutrient runoff.

. Freshwater Use: The project may require significant water resources, especially during the
initial establishment phase, potentially affecting local water availability and altering hydro-
logical cycles. However, in the long-term, it may improve water percolation and availability.

Step 3: Impact Quantification

This paper is not going to quantify the impacts of the A/R project on each planetary bound-
ary. The result should give the expected reduction of every planetary boundary by the project.
For example, if this specific reforestation captures CO2, the result should give the quantity of CO2
absorbed and the boundary transgression change in ppm, so it can be used as in Equation 2.

Step 4: Integration of Boundary Transgression Levels

Once every impact and transgression has been quantified, this step will show which impact
will vary more on the final planetary index using Equation 2, and if changes in the project are
needed to make it positive, or more profitable. It will also help to analyse how this project, when
combined with other similar projects in the region, might contribute to overall changes in land
cover, biodiversity, and hydrology. This analysis will help in understanding the broader regional
impacts of afforestation and reforestation efforts.
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Step 5: Cumulative Impact Consideration 470

471

If the project shows environmental deficiencies, it can be grouped with other projects inthe 472

area so they can co-benefit. For instance, if the reforestation requires worsening the freshwater 473

boundary, a restoration of nearby water bodies could be done. 474
475

Step 6: Holistic Environmental Review 476

477

The final Pl is calculated using Equation 1. Using all the tools described, any project should 478
be capable of obtaining a positive PI, by adapting to the set of all the boundaries. Taking the 479
value of Pl calculated in Chapter 5.7, if reforestation has a negative effect on biodiversity by 480
a quantitative calculation of 0.01 increment in the loss of species per year the calculation 481

would be t,, = =2~ = —0.01%. Then, the P/ would be PI =abs(2.85-107% + 482

900% - —0.01%) - —1 = —1.95 - 10~3pi = —1.95 mpi. This project could not enter the 483

market. It would be obligated to adapt the reforestation with more biodiversity (Figure 6), 484

recalculating another tez, this time reducing the loss of species by 0.05, with Pl = 485

(2.85-1072 +900% - 0.05%) - 1 = 7.35 mpi ( 486

487

488

Figure 6 Left: Single tree species reforestation. Right: Multiple species reforestation. 489

Climate change E 4 - - Climate change E = -
Biodiversity : i 2 Biodiversity E <4 - —
| '
0% 10% 100% 1000% 0% 10% 100% 1000%
Transgression Transgression

490

Figure 7 Left: planetary boundaries effect without non-compensatory measures. Right: planetary bounda- 491

ries effect with non-compensatory measures considered. 492

Step 7: Outcome Categorization 493

494

. Positive: If the project contributes to bringing one or more boundaries back within their safe 495
operating space, it will be categorized as positive. 496

. Neutral: If the project maintains the current state without further transgression, it will be 497
categorized as neutral. 498

. Negative: If the project contributes to additional transgression of any boundary, it will be 499
categorized as negative. 500
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Profitability

4, Results

This study represents a methodology for the evaluation of voluntary carbon markets (VCMs)
through the lens of planetary boundaries, using a non-additionality approach. The application of
this methodology to VCM projects. In the example derived from the A/R project, it is shown how
a change in the currency of the market can lead to environmental improvements in the project.
While with the current market, a complete reforestation with the same type of tree may lead to
a higher COz absorption per monetary spent ratio, the actualized analysis and the planetary index
solutions for biodiversity makes the project more profitable (higher P/ to monetary spent ratio)
with more complete solutions, as shown in Figure 8.

This methodology and implementation strategy allows for better projects will be developed,
and synergies will now be searched. Instead of creating single profitable projects, more complex
and holistic projects will be looked for to increase profitability. Therefore, companies will have a
better understanding of earth systems, downscaling it to their employees, creating a more re-
sponsible and educated population. While specific quantitative results have not been developed,
this new vision together with the method described above helps to find a way to link the economy
and the environment.

Planetary index CO2 reduction Efficiency Biodiversity
currency currency improvement improvement

Actions

Figure 8 A/R project actions effect with different market currencies.

5. Conclusion

The findings from this study provide valuable insights into the interactions between volun-
tary carbon markets (VCMs) and planetary boundaries. By applying a non-additionality approach,
the study highlights the necessity of evaluating VCM projects not just for their carbon sequestra-
tion potential but for their broader environmental impacts across multiple boundaries. This ap-
proach ensures that VCMs contribute holistically to global environmental sustainability goals
without exacerbating existing environmental challenges. One of the key conclusions of this study
is the recognition that while VCMs, can positively impact the climate change boundary, their over-
all effectiveness is constrained by the closed view of remunerating the effect on a single boundary.
The study underscores the importance of integrating VCMs into a broader climate mitigation
strategy that includes systemic policy measures, technological innovations, and lifestyle changes
to achieve meaningful reductions in atmospheric CO2 levels.

Moreover, the study reveals that VCMs have significant potential to influence how future
boundaries evolve, and how with a clear and complete perspective all planet processes and sys-
tems can be considered, ensuring a reduction in the transgression of all boundaries, and not just
carbon dioxide. The method proposed in this paper should not be forced, as a slow
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implementation will gradually enhance projects to adapt to more complete solutions and educate 541
the population on more holistic views. 542
543

In terms of future research, the study suggests that the non-additionality approach could be 544
quantitatively expanded by developing specific indicators and models that measure the impacts 545
of VCMs on each planetary boundary. It is also interesting to investigate short- and long-term 546
effects on the boundaries, such as if watering more plants now could worsen the short-term 547
boundary but improve it in the long term, and what limits should be proposed. In addition, atem- 548
poral more urgent market could be made only considering those boundaries that have trans- 549
gressed the upper end of the zone increasing risk defined by Richardson et al. [2]. 550
551

The evolution of this methodology could involve incorporating real-time monitoring data 552

and adaptive management practices into VCM assessments. By using satellite data, loT sensors, 553
and other monitoring technologies, VCMs could dynamically respond to changes in the state of 554
planetary boundaries, allowing for more flexible and responsive management strategies. This 555
would enhance the ability of VCMs to contribute to long-term environmental sustainability while 556
minimizing the risks of boundary transgressions. 557
558

In conclusion, this study provides a robust framework for assessing the impacts of VCMs on 559
planetary boundaries, offering a path forward for more sustainable and holistic carbon market 560
practices. By integrating non-additionality principles and focusing on the broader environmental 561
context, VCMs can be better aligned with global environmental sustainability goals, contributing 562
to the preservation of Earth’s critical systems while supporting climate change mitigation efforts. 563
Future developments in this field should focus on enhancing the quantitative tools available for 564
boundary assessments, improving real-time monitoring capabilities, and fostering greater collab- 565
oration between stakeholders to ensure that VCMs deliver on their promise of a more sustainable 566

future. 567
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